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We realize an experimental facility for cooling and trapping strontium (Sr) atoms and measure
the Landé g factor of 3D1 of
88Sr. Thanks to a novel repumping scheme with the 3P2→
3S1 and
3P0→
3D1 combination and the permanent magnets based self-assembled Zeeman slower, the peak
atom number in the continuously repumped blue MOT is enhanced by a factor of 15 with respect to
the non-repumping case, and reaches ∼1 billion. Furthermore, using the resolved-sideband Zeeman
spectroscopy, the Landé g factor of 3D1 is measured to be 0.4995(88) showing a good agreement with
the theoretical value of 0.4988. The results will have an impact on various applications including
atom laser, dipolar interactions, quantum information and precision measurements.
I. INTRODUCTION
The growing importance of laser-cooled atomic stron-
tium (Sr) is starting to emerge in diverse fields, where
in particular large atom numbers and high density
are required, such as precision metrology[1–9], continu-
ous Bose-Einstein condensation (BEC)[10, 11], quantum
simulation[12–14] and prospects towards long range dipo-
lar interactions[15–17]. The barrier to the realization of
large atom numbers is considerable atom losses during
the first cooling and trapping stage. The involved energy
levels of Sr are shown in Fig. 1. When operated on the
1S0→1P1 cooling transition, atoms can decay to 3P1,2
states via 1D2. The
3P1 atoms will decay back to the
ground state, and hence closing the cooling cycle, while
the 3P2 state is essentially causing atoms to be lost from
the MOT due to the 17min lifetime of 3P2[18]. Thus,
we need repumping to tackle this issue. So far various
repumping schemes for Sr have been demonstrated in-
cluding single-laser repumping schemes addressing tran-
sitions to higher-lying states, such as 1D2→5s6p1P1[19],
5s5p3P2→5snd3D2,5p23P2[8, 20–24], and the most com-
mon dual repumping scheme combining 3P0,2→3S1 at
679 nm and 707 nm, respectively[25, 26].
In this paper we explore a novel dual repumping
scheme for Sr, where the combination of 3P0→3D1 at
2.6µm and 3P2→3S1 at 707 nm is used. The repump-
ing scheme together with a self-assembled Zeeman slower
allows loading 1 billion atoms into a continuously re-
pumped MOT at our oven temperature of 560◦C. Similar
atom numbers have been reported in the past[27]. How-
ever, these measurements required relatively higher tem-
perature of their oven. In addition, we measure the Landé
g factor of the 3D1 state using the resolved-sideband Zee-
man spectroscopy, and the result shows a good agreement
with the theoretically calculated value. These results
pave the way towards future applications using these
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short-IR lasers to explore more physics in Sr, such as
long range dipolar interactions[16].
FIG. 1. A simplified electronic level structure of 88Sr. The
first and second cooling stages work on the 1S0→
1P1 at
461 nm and 1S0→
3P1 at 689 nm, respectively. The 707 nm
and 679 nm transitions can be used for repumping. In our
case we use 707 nm and 2.6µm (3P0→
3D1) for repumping.
The branching ratios of 3S1→
3P0,1,2 and
3D1→
3P0,1,2 are
11.1%, 33.3%, 55.6%, 59.4%, 38.7% and 1.9%, respectively.
II. EXPERIMENTAL SETUP
We employ the standard six-beam MOT of alkaline
earth atoms as the experimental setup for cooling Sr
atoms, shown in Fig. 2. Two ion pumps of 25 Ls−1
each placed close to the atomic source prevent the pres-
sure around the oven from rising when in operation. A
self-assembled Zeeman slower placed after the oven pro-
vides a high-flux atomic beam with a significant por-
tion of atoms within the capture velocity of the MOT of
70ms−1. The science chamber is a custom made spheri-
cal octagon made of titanium which has a side length of
2FIG. 2. The experimental setup for cooling and trapping Sr atoms. (a) CAD drawing of the setup consisting of self-assembled
Zeeman slower and the science chamber. Inset: a typical image of a blue MOT consisting of 9.8×108 atoms. (b) Schematic
diagram of the experimental setup including the plan of cooling and trapping laser beams. Blue arrows represent 461 nm laser
beams; The directions of 707 nm and 2.6µm beams are pointed inward and outward, respectively; CCD, camera for taking
images of atoms; λ/2, half-wave plate; AOM, acousto-optic modulator; PBS, polarization beam splitter; ZS, Zeeman slower.
35 mm and depth of 36 mm. The third ion pump with
a pumping speed of 2.5 Ls−1 is added near the science
chamber to further improve the vacuum. We achieve a
pressure of 1×10−11 mbar inside our science chamber. A
CCD camera (Andor Zyla 5.5) is used to detect fluores-
cence from MOT.
The cooling and trapping light at 461 nm, gener-
ated by frequency doubling 922 nm light from a Sol-
stiS Ti:Sapphire laser and doubling unit from M squared
lasers, has a total power of 550mW at 461 nm. A small
sample of the output is coupled to an optical fibre for
frequency stabilisation and monitoring with a wavemeter
(WSU2 from highfinesse). The wavemeter has a resolu-
tion of 2MHz and is calibrated by a SLR-780 rubidium
reference laser. The main output of the 461 nm laser is di-
vided into three branches: the Zeeman slower beam, the
probe beam and the MOT beam. All the three beams are
coupled to an optical system including acousto-optical
modulators (AOMs), polarization beam splitters (PBSs),
waveplates, fiber couplers, etc, delivering light to the ex-
periment. The laser power can be precisely controlled
by AOMs driven by a direct digital synthesizer (model
EVAL-AD9959). The MOT beams are expanded to 1 cm
in radius and the slower beam is focused to be 1.1mm at
the oven nozzle.
We employ 3P2→3S1 at 707 nm and 3P0→3D1 at
2.6µm instead of 3P0→3S1 at 679 nm as repumpers. The
two repump lasers of 707 nm and 2.6µm are home-built
with a power of 2.5mW and 7mW, respectively. The
707 nm laser is locked to the wavemeter while 2.6µm laser
is free running at this stage.
A Zeeman slower is required for the preparation of a
high-flux source of cold Sr. Our Zeeman slower based
on Ref[28] is a permanent magnet Zeeman slower based
on spherical NdFeB magnets. It is a longitudinal-field
Zeeman slower and uses only σ+ or σ− polarized light.
The slower is mechanically stable, quick to assemble, and
doesn’t need a mechanical holder. Atoms with the veloc-
ity between 200ms−1 and 350ms−1 can be slowed down
by slower and captured in the MOT. The most proba-
ble velocity of atomic beam is reduced from 400ms−1 to
94ms−1 by slower, and the velocity width is narrowed
3from 370ms−1 to 26ms−1. The capture efficiency of
slower is 34%.
III. NOVEL REPUMPING SCHEME
By heating the oven up to 560◦C, it effuses an atomic
beam with a high flux of 2.8×1011 s−1. Under the typical
condition, the combined MOT beams at 461 nm have an
intensity of 19mW/cm2 (∼0.5Is), 1/e2 radius of 10mm
and a detuning of -40MHz (1.25Γ). The magnetic field
gradient is 55G/cm. The experimental loading processes
of blue MOT in different cases are shown in Fig. 3. The
atom number of 2×106 is collected in the MOT without
Zeeman slowing and repumping beams. When the slow-
ing beam and 707 nm and 2.6µm repumpers are turned
on, the steady-state atom number is enhanced by a fac-
tor of 15 with respect to the non-repumping case, while
the factor is around 11 in the case of 679 nm repumper
replacing the 2.6µm repumper, resulting in an enhance-
ment ratio of 1.4 between them. Due to the uncertainty of
atom number measurements, the above ratio could range
from 1.3 to 1.5. The laser intensity of both 2.6µm and
679 nm lasers is 20mW/cm2 while in operation.
FIG. 3. The dependence of atom number in blue MOT on
Zeeman slower beam and two repumping beams. The solid
curves represent our model fits. All the dots with different
colors represent the experimental data.
To exam the enhancement of steady-state MOT atom
number induced by repumping lasers, we use time-
dependent trap loading equation
N˙ = L− ΓN − β′N2 (1)
Here, N is atom number in the MOT, L(= 3 × 109s−1)
is MOT loading rate, Γ is one-body loss rate, β′ =
β/(2
√
2V ), where β is two-body loss constant and V is
an effective volume for two-body processes. The solution
to this differential equation is
N(t) =
Nss(1− e−γt)
1 + χe−γt
(2)
where Nss is the steady-state MOT atom number, γ rep-
resents the total loss rate and χ is relative contributions
of the one- and two-body loss coefficients. They are given
by
γ = Γ+ 2β′Nss (3)
χ =
β′Nss
β′Nss + Γ
(4)
We use this model to fit the experimental data of three
different repumping schemes shown in Fig. 3. One- and
two-body loss rates can be extracted from the fits. The
case of 2.6µm is fitted by the two-body fit with Γ =
2.54 ± 0.05 s−1 and β = 6.40 ± 0.34 × 10−12 cm3/s. In
the case of 679 nm scheme, Γ = 3.03± 0.05 s−1 and β =
8.89± 0.34× 10−12 cm3/s. The results indicate that the
relatively smaller one-body loss rate in 2.6µm case leads
to an enhancement of the steady-state atom number, in
comparison with 679 nm case.
Next, to find out the dependence of steady-state atom
number on the intensities of repumpers, a set of rate
equations is used. This has been applied in single-laser
repumping schemes[23, 24, 29]. Here, we extend it to
a dual repumping scheme, i.e. 707 nm and 2.6µm re-
pumpers in our case. There are eight states involved in
our case which are labeled with numbers shown in Fig.
1. The rate equations of these states are given by
N˙1 = L+B(N2 −N1) + Γ21N2 + Γ71N7
N˙2 = −B(N2 −N1)− (Γ21 + Γ23)N2
N˙3 = Γ23N2 − (Γ34 + Γ37)N3
N˙4 = θ(N5 −N4) + Γ34N3 + Γ54N5 + Γ64N6 − ΓdN4
N˙5 = −θ(N5 −N4)− (Γ54 + Γ57 + Γ58 − Γd)N5
N˙6 = −α(N6 −N8)− (Γ64 + Γ67 + Γ68 − Γd)N6
N˙7 = Γ37N3 + Γ57N5 + Γ67N6 − Γ71N7
N˙8 = α(N6 −N8) + Γ58N5 + Γ68N6 − ΓdN8
(5)
Where Γij is transition rates from i to j. B, θ and α are
pumping rates of the 461 nm, 707 nm and 2.6µm transi-
tion, respectively, which are proportional to their respec-
tive laser intensities. The intensity of 19mW/cm2 for
461 nm laser results in B = 3.8 × 107s−1. The loss rate
of Γd is added to all levels involved in repumping that
are dark for the cooling light[29]. The value for which
can be deduced from the fit to experimental data. All
the transition rates and branching ratios of these states
are summarized in Table I. By solving the equations, we
obtain the dependence of steady-state atom number on
the pumping rates of α and θ. This is plotted in Fig.
4(a). The atom number increases as the pumping rates
of 707 nm and 2.6µm lasers increase. The blue area shows
that the atom number is very low when the laser intensity
of either 707 nm or 2.6µm is small. The atom number is
the same along the contour lines.
4TABLE I. Transition rates (Γ), branching ratios for relevant
transitions of Sr. Data are referred from Refs[23, 30].
Transition Transition rate (×105s−1) Branching ratio (%)
1P1→
1S0 2000 -
1P1→
1D2 0.039 0.002
1D2→
3P2 0.0066 33.3
1D2→
3P1 0.0134 66.7
3S1→
3P2 400 55.6
3S1→
3P1 260 33.3
3S1→
3P0 87 11.1
3D1→
3P2 0.088 1.9
3D1→
3P1 1.8 38.7
3D1→
3P0 2.8 59.4
3P1→
1S0 0.47 -
We apply the same rate equations to the 679 nm case to
make a comparison with 2.6µm case. The only difference
in 679 nm case is that there is no |6> involved. Thus the
rate equations of |4>, |5>, |7> and |8> are revised as
follows,
N˙4 =θ(N5 −N4) + Γ34N3 + Γ54N5 − ΓdN4
N˙5 =− θ(N5 −N4)− α(N5 −N8)− (Γ54 + Γ57
+ Γ58 − Γd)N5
N˙7 =Γ37N3 + Γ57N5 − Γ71N7
N˙8 =α(N5 −N8) + Γ58N5 − ΓdN8
(6)
The steady-state MOT atom number for 2.6µm (blue)
and 679 nm (red) cases as a function of pumping rate
of α at different pumping rates of θ are plotted in Fig.
4(b)-(d). Other parameters are kept the same for both
cases. The atom number in both cases increases and
reaches a saturation value as a function of α with θ be-
ing fixed. When 2.6µm and 679 nm lasers are working
at 20mW/cm2, their corresponding pumping rates are
5.3×109s−1 and 1.8×107s−1. Utilizing the experimental
parameters, we have simulated atom numbers for both
cases. These are shown by stars in Fig. 4(c). The ratio
between the two simulated atom numbers is calculated
to be 2, which is in a reasonably good agreement with
the averaged experimental ratio of 1.4. The reason for
the discrepancy is due to the uncertainty of 4% in the
atom number measurement.
IV. CHARACTERIZATION OF OUR MOT
We apply the dual repumping scheme of 707 nm and
2.6µm transitions, together with the self-assembled Zee-
man slower, to increase the atom number in a contin-
uously repumped MOT. By optimizing the magnetic
field, laser powers, polarizabilities, detunings of MOT
and slowing beams, at the oven temperature of 560◦C,
9.8×108 atoms (1.4×1011 cm−3 for atom density) are col-
lected in the continuously repumped MOT. This number
is comparable to 8×108 at 600◦C and 1.3×109 at 630◦C,
previously achieved in Ref[27]. However, the oven tem-
perature in our system is lower. We can enhance the atom
number up to 1.5×109 by heating the oven to 600◦C. Fur-
thermore, the blue MOT temperature is measured using
the time of fight (TOF) method[31]. The atoms are re-
leased from the trap and allowed to freely expand while
they fall under gravity. The TOF images are taken by the
CCD camera. The images at different TOF are shown in
inset of Fig. 5. The measured temperature is 1.1(2)mK.
In order to further characterize the setup, the lifetime
of 3P2 magnetic trap is measured. The details are as fol-
lows. Firstly, atoms are continuously populated into 3P2
during the blue MOT process for 1.3 s loading time. Sec-
ondly, 461 nm laser is switched off but the magnetic field
is held on for thold which can be varied. Finally, switch
off magnetic field and switch on 707 nm laser, 461 nm
probe laser and CCD camera after thold.
3P2 magnetic
trap atoms are detected by collecting the fluorescence.
2.6µm repumping laser is kept on throughout. The cor-
responding sequence is shown in Fig. 6(a). The magnetic
field gradient of 50G/cm gives a magnetic trap depth of
38mK. The measurements are shown with blue dots in
Fig. 6(a). It indicates the lifetime of the magnetic trap
to be 1.1 s, which is comparable to the Ref[32].
V. 3D1 LANDÉ G FACTOR MEASUREMENT
In alkaline-earth-like atoms, the g factors of 1S0 and
3P0,1,2 have been experimentally determined to estimate
the Zeeman shift in optical clocks[33]. Here, we measure
the Landé g factor of 3D1 using cold
88Sr atoms trapped
in a blue MOT.
The resolved-sideband Zeeman spectroscopy is the key
step for the g factor measurement. 88Sr atoms are con-
tinuously loaded into the blue MOT with the 2.6µm and
707 nm repump lasers on throughout. A neutral density
filter is inserted into the reflected MOT beam parallel to
the anti-Helmhotz coil axis, and hence resulting an imbal-
ance between the traveling-wave components. The cloud
is pushed towards the reflected beam side due to the in-
tensity imbalance. The 2.6µm laser is frequency scanned
to cover the splittings. Atoms excited to 3D1 by the reso-
nant 2.6µm laser will decay back to the 461 nm transition
cooling cycle via 3P1 to the ground state. Through de-
tecting the blue fluorescence with a photomultiplier tube
(PMT), Zeeman spectroscopy of 3P0 →3D1 is obtained
while scanning 2.6µm laser frequency. The procedure is
repeated with different filters inserted in the same posi-
tion. The experimental parameters of 2.6µm laser are
80µW power and 2.3mm beam size. The scanning speed
is set at 8MHz/s and the magnetic field gradient in op-
eration is 45G/cm.
Fig. 7 shows the typical resolved-sideband Zeeman
spectroscopy of 3P0→3D1. The three peaks correspond
to m = 0→m’ = -1, 0, +1 from left to right. Here,
5FIG. 4. (a) The dependence of steady-state MOT atom number on pumping rates of α and θ. (b), (c), (d) show the steady-
state MOT atom number as a function of pumping rate of α for 2.6µm (blue curve) and 679 nm (red curve) cases when
θ = 1.6 × 107s−1, θ = 1.6× 108s−1, θ = 1.6× 109s−1, respectively.
FIG. 5. The radius of blue MOT as a function of time of
flight. Inset: the images of atomic cloud at different time of
flight.
a NE02A filter with OD = 0.2 is inserted which can
produce 37% intensity difference. All the three peaks
are fitted with a Lorentz function. They are broadened
by three independent effects: (i) the intensity broad-
ening, (ii) the linewidth of 2.6µm laser and (iii) the
Doppler broadening. The side peaks are additionally
broadened by the magnetic field variation across the
atomic cloud. The Doppler broadening is estimated to
be 175 kHz at the temperature of 1.1mK. The intensity
broadening can be calculated as 4.4MHz by the rela-
tionship ∆ν = ∆νN
√
1 + I/IS , where ∆νN is the nat-
ural linewidth of 3D1, IS is the saturated intensity for
3P0→3D1. The full width at half maximum (FWHM)
of the three peaks are 18.3MHz, 6.3MHz and 14.7MHz
from left to right. The frequency shifts of the left and
right side peaks relative to the central peak are 10.2MHz
and 10.8MHz, respectively. The measured difference be-
tween the left and right peaks in FWHM and shift is
mainly caused by the fitting uncertainty and the induced
magnetic field variation by the atomic cloud within a
laser scanning period.
To validate the experimental calibration of peak split-
tings and widths, we calculate them by the displacement
(S) and atomic cloud radius (∆S/2)[34],
S =
∆Sh
gµBmJB
′
Z
, (7)
and
∆S
2
=
∆Wh
gµBmJB
′
Z
, (8)
where∆S and∆W are the peak splitting and the FWHM
difference between the central peak and side peaks. µB is
6FIG. 6. (a) The magnetic-trap decay timing sequence. ZS:
Zeeman slower; B: magnetic field gradient; CCD: charge cou-
pled device camera. In the lifetime measurement, the atoms
are continuously loaded into 3P2 for 1300 ms. (b) Lifetime
measurement of 3P2 magnetic trap (blue solid circles). Fit is
shown by the red curve. It indicates that the lifetime of the
magnetic trap is 1.1 s.
FIG. 7. A typical resolved-sideband Zeeman spectroscopy of
3P0→
3D1. Experimental data (blue dots) are fitted with three
independent Lorentz functions (colourful curves). The three
peaks from left to right correspond to m = 0→m′ = -1, 0, +1
transitions. Inset: the Zeeman sublevels of 3D1.
the Bohr magneton, mJ = ±1 is the magnetic quantum
number, and h is Planck’s constant. For the case of the
OD=0.2 filter and the data shown in Fig. 7, S = 2.98mm
and ∆S/2 = 2.6mm, which are transferred from the unit
in pixel by 38µm/pixel. According to equations (7) and
(8), ∆S and ∆W are calculated as 9.4MHz and 8.2MHz,
respectively, which are consistent with the experimental
values of 10.5MHz and 10.2MHz. The slight increase
of measured results is believed to arise from the experi-
enced higher magnetic field by the atomic cloud in the
experiment.
FIG. 8. (a) The atomic clouds from left to right are located
in the center of MOT (without filter), at a position of small
magnetic field (with a NE01A filter) and higher magnetic field
(with a NE02A filter), respectively. The cloud moves towards
the reflected beam side along the magnetic field direction. (b)
The Zeeman spectroscopy in the above three cases. Light dots
represent experimental data and dark curves are fitted results
for all three cases. The splitting of the Zeeman sublevels
becomes larger and the amplitude of the signal is weaker as
the magnetic field increases.
FIG. 9. Summary of measurements of the Landé g factor of
3D1. The error bars show the uncertainty of the experiment.
The soild line and the gray area represent the mean measured
value and the 1-σ confidence interval.
The Zeeman spectroscopy of 3P0→3D1 at different
magnetic fields are detected to experimentally measure
g value. In Fig. 8, we plot the Zeeman spectroscopy
in three different field cases, i.e., no filter, NE01A fil-
ter and NE02A filter with intensity differences of 0%,
21% and 37%. As the intensity difference increases, the
atomic cloud moves to the higher magnetic field region
7as shown in Fig. 8(a), and the mJ = ±1 levels are split
more. Thus the two side peaks of Zeeman spectroscopy
are more separated and broadened shown in Fig. 8(b).
It’s notable that all three peaks in the case of no filter
are not completely overlapped, which is due to the spa-
tial distribution of the cloud. Each case is repeated by
7 times. By the relation of g = ∆Sh/(µBB), we can
deduce the value of g factor as the seven dots shown in
Fig. 9. The pink solid line means the mean value 0.4995
of these seven numbers, and the gray area represents 1-σ
confidence interval. The statistical error in g measure-
ment is significantly contributed by the uncertainty in
the magnetic field measurement caused by inhomogene-
ity of quadruple magnetic field, imperfect optical path
alignments and residual fields.
To compare the measured g value with theoretically
calculated one, we calculate it by the common Russel-
Saunders approximation[35],
gJ = gL
J(J + 1) + L(L+ 1)− S(S + 1)
2J(J + 1)
,
+gS
J(J + 1) + S(S + 1)− L(L+ 1)
2J(J + 1)
,
(9)
where L is the total orbital momentum quantum num-
ber, S is the total spin quantum number, J is the total
electronic angular momentum quantum number. Here,
gL = 1, gS = 2 × 1.0011597[36]. The value of gJ is cal-
culated to be 0.4988 for 3D1 state of
88Sr, which is in
good agreement with our mean measured value 0.4995.
VI. CONCLUSION
In conclusion, we have presented an experimental setup
for cooling and trapping of Sr atoms. The atom num-
ber trapped in the blue MOT can be enhanced by up
to a factor of 15 with the use of a self-assembled Zee-
man slower based on permanent magnets and the dual
repumping scheme, and the peak atom number in the
continuously repumped MOT is approaching to 1 billion,
yielding 1×1011 cm−3 for the atom density. The Zeeman
slower is robust as well as quick to assemble. In the
3P2 magnetic trap, the lifetime is measured to be 1.1 s.
Employing resolved-sideband Zeeman spectroscopy, the
Landé g factor of 3D1 is measured to be 0.4995(88) show-
ing a good agreement with the calculated value of 0.4988,
which can be further improved by locking the 2.6µm laser
to a cavity. The results will have an impact on various
applications including atom laser, dipolar interactions,
quantum information and precision measurements.
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